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OF A S:NGLE STAGE -OMPRESSCP

Duan .nfeng, .. ng Baochang, Wang 'haolong

(Shenyang Aercenging Research Institute)

Abstract

Single stage compressors with and without part span shroud were

designed and tested to investigate the effect of part span rnd cn

aerodynamic performance of the compressor. Test results indicated

that the part span shroud effected not merely the local region

adjacent to the shroud, but influenced almost all height of the

annulus. Analysis indicated that the flow condition in the conpressor is

related to flow continuity equation and radial equilibrium equation.

However the local disturbance caused by part span shroud not only

results in radial re-equilibrium, but also causes the viscosity loss

to increase and the elastic deformation at the blade tip resuPed frcr

centrifugal force to be prevented. This means that the effect of part

span shroud spreads to all span. The local blockage and loss in

region adjacent to the shroud should be considered in designing a

compressor rotor with part span shroud. Thus, the effect of part span

S. shroud on the flow field within the conpressor could be included

objectively in the design.

I. Introduction

For the aeroengine design of this date, the part span shroud

usually is added on the compressor rotor such that the compressor

*Thi!, paper -a preentel at the Conference of Heat Engine Apri-vynamic
Thermolynamic- held at Shamen, Augu.t 1981.
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Iepse eal wh e e . of part Zpan s hru on the

aerodynamic design. 'un experimental zompressor, whi ch i s I.::

analyzed approximately by a simple method called "equalizin-g :.e

effect of part span shroud", is "ntroduced in this paper. The ide-

this method is that the rotor efficiency is reduced by I2% and th

effect due to the blockage of part span shroud is corrected by

increasing the correction coefficient at the attached layer, whioh :s

*equally considered at the rotor's inlet and outlet calculat-.n

*[.. stations. This method may not truly represent the real 3erodynamic

behavior of the rotor with part span shroud, and whether this method

can be applied to the pratical engineering is still not known because

of the lack of practical experience. In this paper, we report the

experimental results about the performance of a single stage

compressor, with and without part span shroud on its first stage

working blade, of a certain type of low pressure compressor which is

designed by the method mentioned above. The observed effects of part

span shroud on the aerodynamic performance of the conpresor are also

discussed in this paper.

II. Experimental Compressor

S-i For the single stage compressor whose working blades do not have

part span shroud, its rotor blade can be divided into two parts:

ultrasonic first-half and surpass-sonic second-half. For the

:.'- ultrasonic first-half, the relative Mach number at the inlet is 1.1

1.385; the middle section of the blade has an S-shape curvature and the

surfaces of its basin and back are composed of straight lines and

2



St ore e, S~. !-'fa~. 3 f Cl~ anr-.

ire 30r3:gh'-t .- zs; the surfsce of t e rear secticn rs. :

straight. lines an! 'yperbola. For the surpass-sonic secn-haf 0

curve Of middle blaie and the surfaces of blade basin and blade za-.

are all hyperbolas. A BC-6 type blade is used as the stator.Z> A

rotor withcut part span shroud is shown in Fig._.

The single stage compressor whose working blades do have part

span shroud is called a J223A single stage compressor. Its rotor blade

is converted from the previous working blade without part span shroud

by adding a "simple" part span shroud at the 55% designed flow line.

The shapes of its stator and annulus are the same as that of the

experimental compressor without part span shroud. The detail of

its design can be found in Ref.2. The picture of J223A is shown :n

Fig.2.

The experiments were performed on the single and double stage

compressor tester in our institute.

III. Experimental Results and Discussion

I. Experimental results and comparison of the general properties

The experimental data of the single stage compressor with part

span shroud are quoted from Ref.3. The experimental data of the

compressor without part span shroud are quoted from Ref.4. The

measured general properties of the experimental compressors with and

without part span shroud are plotted in Fig.3 for comparison. As can

be seen from Fig.3, after the part span shroud is added on the rotor

blade, its maximum flow rate is reduced by 1%; its maximum efficiency

Is reduced by 2%; and the maximum pressure ratio is reduced by 2.5%.

"3



*1. 3 .- or wit'-iout 'cart -an -hrouA. Pig. 2 . C ompre7-o r -i th Dart -,q
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* Tcle .Th e:es~ part san general

3 ng' e ta-e :-ornnr,7sscr withs~it part s;par.-r'2d :s-;.

* :ompressor with. part span snroud; 3: relative -a r at n va' e; :

* ~~;; ,sec; :note; 6:value w* th part span shroud; 7: value wt~t;r

spa n S'nr oud

/ 76 0.849 1.539

2. 8 * 632 0.8331.0

7

2. The effect of part span sh-roud on the property

* elements.

We compare two experiments whose flow rates are almost the same.

Their general property parameters are listed In Table !I.

Table I:. General property parameters of two experiments with the

same flow rate. (1: single stage compressor without part span shroud;

2: single stage compressor with part span shroud; 3: Kg/sec)

The effects of part span shroud on the property of a single stage

compressor base element are shown in Flg.4. The effects of part span

shroud on the property of a rotor base element are shown in Fig.5. it

S should be noted that the results in Fig. 5 are calculated by a colnputer



S:w ne Same as sumpt sn: s3e ,:n

["-"- n,::r ,:ne tases w- -n as a' ' par: zin s---

s.... :t,es t.:t sonsider -he :' ue

r".-adla fio a- the s!tatr" b'.lade which is resulte , frm the r-h ia

pressu;re ;ra."ent. For the rot or with part span shroud, t.e --

grad:en- Ls eiger at the regio n ad a cen o -he e.e. sh.o'il. Ee.

air flows through the stator slot, the mixing due to radial fcw

Decomes severe. If the above assumption is employed, then the

calculated flow parameters of the rotor with part span shroud will

have greater error than that of a rotor without part span shroud. The

calculated property parameters at the outlet of the rotor also can not

represent the real situation. But for cualitative analysis, this

calculation is still applicable.

From Figs.4 and 5, we can see that:

a. After part span shroud is added, the flow lines of the air
flow in the annulusof the rotor andstator shift to hub. The change of

flow line distribution reflects the change of the flow field. So, the air

flow must undertake radial re-equilibrium. According to the

calculation results of Refs. 4 and 5, at the outlet of a blade without

part span shroud, the first ring surface (the outlet ring surface is

divided into ten parts) at the root allows 11.8% of total flow to pass

through; the tenth ring surface at the tip allows 9.1% of total flow

to pass through; and the sixth ring surface at the middle of the blade

allows 10.2% of total flow to pass through. If the part span shroud

is added to the rotor blade, then the air flow passing through the

first ring surface at the root increases to 12.4%; the air flow

,,::.6



-and ne air ::'pass: rtr:r Et~ sr:r~: .prx:.

at the Positicn where the ar Sanr D oca te S

S3%. The r- fistr ibut in D-4 the Ilo rat:e w: a,-:~ s e e jr pe. r

- .~

the base element change.

b . After t'he part span. snrouz I S add e, the wo r~ K,:=

reduced fsr all, span. The absol)ut e Va 7ues of work au-, mer 'ts

all span are listed in Table !I.

Table 1 . The change of work augmentat on i n the spa- dr ect::.

~l: single stage compressor without part span shroud; 2: sing-e -tage

compressor with part span shroud; 3: relative variation value; 4:

root; 5:flow line; 6:middle; 7:tip; 8:note; 9:value with part span

shroud; o:value without -part span shroud)

.. ... S .. .. ... . _ car s_ _ _ -_.__ _ _:

(15% *M (55% kjt (85% 01C

*0.1465 0.1479 1 0.1464

0.1403 0.1365 0.1373 T0

149V4 -4.2% -7.7% -6.29%

The change of work augmentation mainly due to the

two causes: the first one is that the part span shroud at the 55%

designed flow line of the rotor will restrict the elastic deformation

resulting from centrifugal force, which will reduce the valuje of :,

and then reduce the work augmerntat ion; the second one is that the nart

span shroud will change the radial equilibrium of the air flow, which

also forces the change of work augmentation.

C. Par t span shroud affects the e ficiency of the base elnicnt D.r

all span. The efficiency of one third off the blade, which arun

'7

.2I. Tabl .2. Th chng o -okagetto ntesa ~et



:n w-r - -- ~

- .%-

::rns. .eSE D: snrou, . 4mm~ The mna x2I

:eedyl , an-: the average e -fficiency ia r e uce, y. ~

otner one -n'rd of the tiade, whizh s aro u nd the ' ,the:: : -no"

..s..... The effi cency of the case element is incresff y-

d. S nce work 3:gmentatien fn efficincy change, -ne 7r-

rat,: w;Il al: change. The pressure ratios Df : h base e I e me wi n

and without part span shroud are listed in Table 7].

Table 1V. The effect of part span shroud on the pressure ratio c' the

0 base element. Jl:single stage compressor without part span shroud;

... :single stage compressor with part span shroud; 3:relative variatron

value; 4:root; 5:flow rate; 6:middle; 7:tip; 8:note; 9:value wit part

*span shroud; 10:value without part span shroud)

1.52 1.491

1.515 1.40 1.44",(

3. The effect of part span shroud on the radial distribution of

:Dw parameters at the inlet and outlet of the motor.

Since there is no direct measurement at the outlet of the rotor, the

inlet and outlet flow fields of various blades are estimated by using

. the measured values of the single stage compressor at the inlet and

" outlet and by using the "flow field calculation (S2 ) program". In the

calculation, the effect of part span shroud is considered by the

-. 4

• .i. _ ." ". ( i . - ' - i " . ". '. . > ' .-, ,'i - . ." - . .- -- l > "" i " > < -



- 6-2.34

70, 4~

50, .2 .~ .- . . .

40 -.-

30i

1.0. .18 0.6 6.130.140.15

'he o' f art r,;an shroud on the Der+-Drrnance nf -i)r " ae
ei e - -v l i n e ; . . . . w -.. .. --

:" 4 _- / S 3_ -_

701

0 .0 .. 0. 4 0.6 . P , 0 .

Fig.6(a) Radial -fitribution of flow paraneters at the outlet of rotor. le
flow line; 2rotor without part span rhrou 3:Kg/Fec; 4:rotnr with part
Tran shroud)

too," I I.I i I n. 11 , ' ,5

£4

7 - "P -- +7 ----z+ --

60

20 ,

0.6 0.7 .8 0.0 0.3 0A 0.5 .6 1 IT 0'2
DI/ W,

Fig. 6(b) Radial Ai"tribution of flow parameters at the outlet of rotor.
(1: flow line; 2s rotor without part pan shroud; 3: Kgbec; 4 rtor weith
part span hrou)

V ._

'"- . I r I [.~ l I¥ al + -A. 4, ..



by a' f: the tloc kage va ue a: t .re wir. iwar ar -.

. z-z.Kage va-ie :f the rt :-r ouet sa3dded :-..e w^ -e

' value at the windward area Df the shroud. Although -nis may nct

represent the real air flow behavior in the r:tor wit. pa: Spar.

shroud, but apprx:mate it y s stiX a 1::a-e tthe 3 7.3

the problem.

According to the analysis of the experimental data, t.e -

part span shroud on the flow field at the rotor inlet .s very ma

The radial distributions of flow parameter at te I .et 3fnd

outlet of the rotor areshown in Fig.6. As can be seen from Fig.ti, nthe

elastic deformation of the rotor blade is restricted ty h_'"c art -n

shroud such that the work augmentation is reduced. The average axtal

velocity of air flow coming out from the rotor is faster than that of

_ the rotor without part span shroud. The velocity ratio W:/iW, also

- increases. So in general, the rotor Load is reduced (the diffusion

factor D is reduced by 0.05 -0.1). But at the region around part span

shroud, due to the olockage and disturbance of part span shroud, the

local axial velocity becomes smaller. The axial velocity M., at that

region is very close to the velocity without part span shroud.

Because of this, the axial velocity at the regions of hub and tip will

increase correspondingly. The flow field inside the rotor annulus

will thus re-distribute and cause the flow lines toshIft downward. As

shown in Fig.6 (b), at the one third of the blade adjacent to the hub

of the rotor without part span shroud, the rotor load is larger and the

efficiency is lower. If part span shroud is added, due to the

10
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-a': s reu::ed from a.5 -o 2.) and then tne effizi:enoy -:

root of the rotoris i mrved. This means that the part span.

L influences almost a'l height :f the rotor annuus. whenever t:.e

radial equilibrium of air flow in the rotor annulus changes, the rotor

property will also change. Therefore, the local l ockage 3aa - J nt -

part span shroud shculd be cons idered in the calculation of the f ow-eC

-. such that the calculation can be better applied to the real

1situation.

*As can be seen from Fig.6, the pressure ratio at the root region

-/is improved. As an example, the pressure ratio at 15% flow line is

increased from 1.546 to 1.562. This is because the loss is reduced.

* Due to the effect of part span shroud, at the 35-70% flow line

adjacent to the part span shroud, the work augmentation decreases and

the loss increases such that the total pressure ratio decreases

.-greatly. As an example, the total pressure ratio at 55% flow line is

. reduced from 1.536 to 1.415 and the relative variation value is 8%.

. This bad performance area is about one third of all span and is about

~- 10 times of the thickness of part span shroud. At the 75 -90% flow

line adjacent to the rotor tip, the inlet and outlet velocity ratio W_/W,

increases and the rotor load decreases. But according to the previous

experimental results, under the condition that diffusion factor D<0.4,

the total pressure loss parameter does not show a decrease clearly with

decreasing D value. Since the elastic deformation of the blade is

restricted by part span shroud, the work augmentation is much less

than that without part span shroud and the rotor pressure ratio is

also less than that without part span shroud. As an example, at the

". ll .* - .



-z . 4' At t.-e :,w n:ne a J aaent tth c za- _ -..

snzr~::easez. This zan~ ne expained as eow. Af-er -r---.--

adde , tne e'aszic efnea . h beade Is smai". 3 zta;;

angle Is about -30. On the other hand, if the part span. r.

added, the elastic deformation of the blade under the -entr :ga" .9r:

will increase t_e stagger angle at the blade tipby 2 3. Th-.- s

*that t'he blade tip is working under 03 stagger angle. !t

that working under a negative stagger angle is worse than work in3 ,n ier

" stagger angle. So, the loss will increase after the part span

shroud is added.

4. The effect of part span shroud on the flow parameters at thoI-
inlet and outlet of the stator

The radial distribution of flow parameter at the inlet of the stator

Is shown in Fig.7. The radial distribution of flow parameter at the

outlet of the stator is shown in Fig.8. The effect of part span shroud on

the inlet stagger angle of the stator Is shown in FIg.9.

As can be seen from the figures, both the inlet Mach number and

the inlet stagger angle of the stator have distinct changes after part

span shroud is added. At the one third of span which is adjacent to

the hub, the value of Mc3 increases by 0.03-0.05. The diffusion

factor of the stator decreases by 0.05- 0.1. The stator stagger

angle, in general, is reduced by 2-60 for all span. The stator of

our experimental compressor is the model of BC-6. Without part span

shroud, the values of Mc. and Ds are not too big (at root region, M13

0.65- 0.82, Ds = 0.33- 0.38). So, after the part span shroud is

added to the rotor, the stator still can adapt itself to this change.

12
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'.-. - o : the reasons why t.he s'rpass-soni na; .. - .

The change of f ow line position after part span Zhrzdse

is shown in Fig.10. This figure shows that part span shro'- -han.es

]the flow parameer di stribution of the whole flow e.. All e f

"nes shi". ft downward more o e less. The farther from tne part span

shround it is, the smaller the effect is. In general, the air flCw at

the region between part span shroud and the hub is affected more, and

the air flow at the region between part span shroud and the tip ;z

affected less. This is consistent with the experimental results

reported in the other countries.

IV. Conclusion

1. Comparing the results of single stage compressor without

part span shroud, the part span shroud reduces the maximum flow rate

by 1%, the maximum efficiency by 2%, and the maximum pressure ratio by

about 2.5%.

2. The effect of part span shroud on the areodynamic performance

of a compressor is not restricted to a local region. The effect spreads

0i', almost to all span. This is because the flow condition in the corressor

' is related to the flow continuity and radial equilibrium equation. The

local disturbance caused by part span shroud not only results in

radial re-equilibrium, but also causes the viscosity loss to increase

and the elastic deformation at the blade tip to be prevented.

, -3. To design the rotor with part span shroud, the effect of part

span shroud on the radial distribution of efficiency should be

14
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*- 4. The :Z 3 fotckage an:! oss :n he reion aiacez ::e

should be ;onsiered in designing a ccmpressor rotor with ;art spn

.snr d. :n othe_ .o +-.' e existence of art scan shrou: shlui7

"e co_-nsidered in cacl:ation of a flow field W'e call his ' et h o

localization of blocking shroud". By this way, -he effect -f pa -

span shroud on the change of flow field distribution can be trulv

reflected.

.•5. The inlet Mach number of the stator should be as small as

l possible in designing a ccnpressor rotor. It is better to use a sub-sonic

blade such that the adaptability of the stator to the change -)f air flow

can be enhanced.

Finally, the authors wish to thank colleagues Wei Yubing and Chen

. Baoshl for their technical assistance.
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Shenvan Aer .engine a..

Li Keming

Shenyang Aeroengine Research :ns:itute

ABSTRACT

A trouble shooting test progress report on compre5 :r 4

presented. t mainly describes the test result- concerr. n -.e

effects of casing treatment and varying the stagger angle of the rotor

.blades at stages 7, 8, and 9 on the overall performance -4- a

*i multistage axial-flow compressor. The test results show -ha' t: e

7-sing treatment of the rear stages is a very effectlv' meth- ' ,

extend the stable operating range of the compressor at high speeds.

*.The Origin of Test and the Choice of Program

After a "C" compressor, which is converted from the prototype

* compressor, is mounted on a certain type of engine, a stall breakdown

occurs at high altitude after successive thrust augmentation.

According to the measurements in the relevant test flight, ;his stal:

is caused by the gasp vibration in the corpressor. When stl . .curs, the

speed of the corpressor n is in the range of 1.03 -. 08. In order to

fully understand the mechanism of this stall breakdown and to find out

| the solution of this problem, It is necessary to perform some tests .n

n. the performances of the relevant compressors.

There are five compressors which are under testing.

* *Thip paper wa- pre-enter' at the Conference of Heat Engine A-ror1yn amr
Thermor' :namic he1 at Shamen, Augus-t 1981.
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,-,. .-. - = - .. . .. . . . . ... '..._..-..:,w '. [ : : : ; . -

_ . "'" zorrresszr ,or cmpressor _.;: The ff,,v ... r... ...

-etween t-his compressor and compressor is that t- ey nave

rear :-a:r-: szruct...res

w.t . :ompreso- . compresscr -. :

. .mpreS.r s :;nverted from compressor .T, where the stagger __l

.. afe tips for the rotors of the last few stages are reduced by I

The stagger angles of the blade root remain the same, and the stagger

angles between the tip and root arevaried according to a certainnatural

regularity.

' .4. Casing treatment compressor (or compressor IV): This

S.compressor is converted from compressor I, where the exteriors of the

seventh and ninth rotors are treated by ring slot casing treatment

(see Fig.l)

. 5. "Twist blade" and ":asing treatment" compressor :or

compressor V): This compressor is converted from compressor 1!, where

both the treatments of "twist blade" and "casing treatment" are

employed.

I.. Testing Results and Analysis

The seven equal speed contours, n= 0.7, 0.8, 0.9, 0.95, 1.0,

1.05, 1.10, of the above five compressors are measured while the

outgas valve Is closed. The data of ni=l.05 and 0.95 are missing for

compressors III and IV. These experiments were cancelled at that

moment hpcause of the reason for safety. When we tested the -iasp
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COMPresscr 3s a .

ne e have a e xn - -r -n n

}[% bette un e s an iga. ..

e.-te ande: dear omparson, only the eat toa

gasp vibration for each compressor are plotted in Fi;. . . of

. equal speed contours are also plotted in Fig.2. The compa rsns f

*b the gasp vibration allowances and the efficiencies for each

compressor are described below in more detail.

1. Comparison of the gasp vibration allowance

The variations of the gasp vibration allowance for each

compressor, while the engine is operating under the "specified" and

"augmented" conditions, are shown In Fig.3.

As can be seen from Fig.3, in the range of 5=0.7--0.5, the gasp

vibration allowance of compressor II is higher than that of compressor

This is consistent with the observation in the test engine that

the "speed of the upper boundary of gasp vibration" is reduced. When

n > 0.8, however, the allowance loss of gasp vibration in compressor

II increases with increasing the speed. In the "specified" state,

when E=0.9- .10, the allowance loss is 2.6- 8.4% and the relative

4 loss is 12 -36%; in the "Augmented" state, when Fi=0.95- 1.10, the

, allowance loss is 3.2- 7.9% and the relative loss is 18- 44%. When

• .. high altitude stall occurs, the engine speed n is in the range of 1.03

I

1.08. At this range, the reduction of the gasp vibration allowance

20
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"-..-'-. owanoe .... ..But the reLucti ]n o: stagger ange w:l rra e -t,. 'w::r >.

a z nr.:a :. saIer. So, the 'vera'".:bration ali wa: I - I

... <-~~ -e 5t== - S' t-s::Z i<s e as much as c ompr es so C

* As an example, in t"e "augrented" state and 1.: , W 7

on; increases .1 % ;d the re atve rinre ment iE n z.

n:ted that the twisting of the rotorblade will cause the :hara eri-

lines to shift to the position with less flow rate. Although the 3asp

* pressure ratio is reduced, the reduction of flow rate wi IIwer

the operating point. Considering all these effects, the gasp

* itration allowance is only enhanced slightly.

After casing treatment is performed in the 7th and 9th stages,

- both compressors IV and V have bigger gasp vibration allowances,

especially in the designed high speed range, than comprecor l. In

the "spec fied" state, when E = 0.95-- 1.10, compressor V has an allowance

* Iincrease of 2.8- 9.1% and relative increment 14--60%; in the

"augmented" state, its allowance increases 2.8- 9% and its relative

increment is 19- 90%. In general, the stable operating range of

' -ompressor V is slightly larger than that of compressor I. If only
the casing treatment is employed (i.e., compressor IV), the result is

even better. Although the data of Fi = 1.10 is missing in this

compressor, from the trend of the data of the other speeds, it shows

that the gasp vibration allowance of compressor IV is better than that

of oompressor I

. 2
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-7oDrme r 3 a s p v :r a tl a' wa nce is 4 - .% h g e: an -.a - = -:.

. -latter an~d te re-ative i ncrement is 22 - 57% in the specfi' ar-;

"n the "augmented" state, the former's allowance increases 4.6- E- %

an f  ,e relative increment is 35- 80%. Comparing compressor :v with

compressor T, in the "specifie!' state, the former's 1 aowance

increases 6.4 -9.5% (estimated) and the relative increment is 37-3

ln the "augmented" state, the former's allowance Increases 5.8 -

estimated) and the relative increment is 49-94%.

I Fig. 2, if we compare the gasp vibration boundaries of each

compressor very carefully, then we will find a common regularity:

does nt matter if It is a casing treatment compressor or a solid

casing compressor; their stage loads are reduced due to the twisting

of the rear stage rotor blades. Because of this, their gasp pressure

ratios also decrease. But the gasp pressure ratio of the casing

treatment compressor is higher. A very important requirement for the

casing treatment thus can be obtained: The effect of casing treatment

is most obvious if the treatment is performed on the stage where the

stage load is largest and the stall is easier to occur.

2. Comparison of the compressor's efficiency

. The efficiency of the operating point in the "specified" state vs

the compressor speed is shown in Fig. 4. As can be seen from this

figure, for all speed ranges, the operating point efficiency of

compressor II is close to or slightly higher than that of compressor

I. So from the point of view of efficiency, changing the rear cabin

structure is good for compressor IT. The efficiency of compressor III

23
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- _a , -s :-erac ng _oi.. elff ...e.y . gh)y ower r.an n -

compressor 7 which is only reated by the tist blade. The effi:-e..

is rnly :edcced >.% in the range of n 1.0- .... The :pera:ig

pclnt ef-iciency of compressor :v with casing -creatme: .:s amost .e

same as F-hat of the aressor with solid casin..

-T Conclusion

i. An appropriate rear stage casing treatment on the multistage

axial-flow compressor can enhance the gasp vibration allowance

effectively at a high speed range.

2. For the compressor without twisting the rotor blades in the rear

stage, the casing treatment almost does not have any effect on its

efficiency. But for a compressor with a twisting rotor blade, the casing

-"' treatment lowers its efficiency for all speed ranges.

e 3. The inlet stage casing treatment on a multistage axial-flow

compressor is mainly used to improve its ability of distortion

resistance and its performances at middle and low speeds. The rear

stage casing treatment, however, is mainly used to improve its gasp

vibration allowance at high speeds (especially at ultra high speed.

it should be pointed out that not only the type of structure and

parameter -2j need to be considered in the casing treatment cf a

multistage compressor, different stages and parts have to be selected

for different compressors.

4. The reason why "C" compressor stalls at high altitude is that

.2
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ABSTRACT

The aerodynamic performances of swept-cascade of axia.-:.:w

zompressor are researched in thic paper, and the calculating me'*-_z

of coefficient of total pressure losses, critical Mach number 3nd

turning angle of swept cascade are provided. The flow features on

swept blade along span direction are also studied, the average wake

contours and experimental data of various locations in span irect:on

- at given operating condition are presented.

I. Calculation on the Performance of Swept Cascade of Compressor

Critical Mach number Mkp: According to the swept-back wn theory

of the aircraft, the critical Mach number of the swept cascade can be

obtained by the following equation:

(Ma,..*/Mgp.a) - (VL/v) - Cos (a)

. M 1 -,.3 - M,.2/CO3 I

. where VI and Vt represent the flow velocities of the vertical cascade

(sweep angle A =0) and the swept cascade (sweep angle is X ) of the same

type of blade. So, by comparing with the vertical cascade, the

increase of the critical Mach number of the swept cascade is:

S"4 - ,.,'(I/c l) - 11 (2)

Total pressure loss of the swept cascade: According to Eq. (2),

*Thi. paper wa, preente at the Conference of Heat Engino AernOynaMic
Thermol'ynamio- hel at Shamen, Augut 1981.
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AM1 - M. 5 (( Ico 1) -1

Acc Dr nrg t D Re.1,a a cert a n cas cade -,:e- M3:7.

t t~e oa Ip r e S a.r e I :s s coe f fic ient 'o~ t he v e r t Iza z a~i

* axial-;low compressor is:

0- A:( SnPd/sin #)'2 62 - 42H)_

*4H/(3H, - I)

where X, f(M, ) is called the cascade inlet Mach number azer

izs relatlon with M, is shown in Fig. 1); 03i (e,/b) X(al/lin #)

* the momentum parameter of the attached surface layer; T = b/t is the

cascade density; and Hz = /a. is the shape factor.

Comparing with the vertical cascade, the increment of inlet Mach
AM1

* number M, of the swept cascade is smaller. Let's assume In :. hese

two cases, the flow parameters ? and and the characteristic

parameters of the primary attached layer 61,06, H3 , etc do not change

* much; (2) .The latter assumption is almost -correct

for each point of the M,- M, curve in Fig. 1. According to these two

assumptions, we have the following equations:

I(5)

and*- ft 1.B(gin#./uginfI2 -'tH,(1 - 4H,/(3H - 1)

and)

If Eq. (3) is considered, after some calculations, we have

Cos (7)

Substituting Eq. (7) Into Eq. (5), then we have

at col - (sin fl 1/ sin ,(I - H/(:- - I- )

Therefore, the value of the compressor's swept cascade (sweep

angle is t) can be calculated by Eq. (8).
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Besi2es, acc:rding to the s wet-tack wing theory

-_e low ing equat is rue for the ompresscr 's swe;zt as :-;

the Zorrespcnding vertical cascade.

tanasa - tanal/oewl

where -. ;s --'e incoming flow angle before the cascade. a r

the gas inlet angle of the swept cascade is
cii;

A..- -tan-[ tan (V T ow) cs

So, under a given operating condition, the flow turning ingle ( ) -

the compressor's swept cascade should be

(A-). -jf[t(V

where T is the stagger angle of the blade; .g,. is the correspond-.;

gas inlet angle of the vertical cascade; p .s is the average gas

outlet angle of the swept cascade.

II. Experimental Investigation on the Swept Cascade of Compresscr

The wind tunnel experiment of the compressor with swept cascade

was performed in the subsonic plane cascade wind tunnel of North

Western Polytechnical University. For the details about the structure

and performance of this tunnel, the geometry parameters of the swept

cascade of this axial-flow compressor, and the automatic measuring

system and the automatic recording system of this wind tunnel can be

found in Refs. 1-3. A series of wind tunnel experiments had been

performed on the swept cascade with various inlet Mach numbers M, and

various gas inlet angles. Comparing the measured total pressure loss

coefficient and gas outlet angle (or backward angle S ) of the swept

28
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Fig.2. The change of total pressure after cascade P wake contour anA
position at various locations in span lirection from upper wall to
bottom wall of the swept cascade of compressor. (1: the change of
wake contour and position from the upper wall to the middle of -pan;

2: the change of wake contour and position from the bottom wall to
the midrlle of span)
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The Jistributi:ns :f the total p resv ..re after C3 -a .

gas cut e: angle 3 ., in the wake contours or tre 7o, r. - .I

swept cascade, are measured at the outlet measuring station

from the rear edge of :ascade' 5cr various ioz-:: ns In s , . i-- . .

from the upper end wall to the tottom ernd wa' . On the :ther nan:,

the total pressure , totalpressure sthe~ pressure ss and te-

pressure loss coefficient are calculated at the corresponding

locations in span direction. The variations of these parameters ]l:n]

the span direction are shown in Figs. 2 and 3, respectively. During

the wind experiment, the inlet flow Mach number M, before the cascade

" "1 is 0.44.

On the adsorption surface of the swept blade, the low energy gas

molecules in the attached layer can move along the span direction.

The moving direction is from the location, where the leading edge of the

swept blade and the end wall form an abtuse angle, to the location,

where the leading edge of the swept blade and the end wall Sorm an acrte

<- angle. In the wind tunnel experiment where M, = 0.44, the total

. pressure loss P and the total pressure loss coefficient x of the

upper wall are about 50% higher than those of the bottom wall. When

the inlet flow Mach number M, is increased from 0.44 to 0.8, according

to the calculation, the total pressure loss coefficient 7 at the

* bottom wall Is twice as much as that at the upper wall.
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ABSTRACT

Althug.. -cramic coatings are remarkably heat-resistant, :n-er7na

--a hitemperature turbine must still be enan - .e.

f the IimitIng temperature .of the alloy bond coat. Analysis carri e

out in thi- paper shows that the ceramic soating effectiveness Is

lower frr a leading edge than for a flat section of the turbine vane and

reduces with an. increase in ceramic coating thickness. It strongly

:!epends unon the cooling intensity of the turbine vane, and for this

- reason several ways of heat transfer augmentation in the turbine

cooling passage are suggested. The relevant perameters of the first

stage guided vane of a SPEY MK202 engine are used to calculate the

temperature of the ceramic coatings. Calculations show that the

thermal performance of the turbine vane is satisfactory and encouraging.

-• List of Primary Symbols

A radiation absorption coefficient Symbols of subscript

C Stephen- Boltzmann constant b bond coat

de hydropower eguivalent diameter c heat transfer by cooling

F heat transfer area of the cooling air or convection

passage in turbine vane f flame

G flow rate of the cooling air g gas

h,h height of the rough rib, m material of turbine vane

dimensionless height r roughened surface

*Thi- paper wap precente4 in the Heat Tranpfer Yaterial Confnrpnco
held at Huang-han, October, 1991.
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S nde spa- :f rug rib :r vane

i usturzing :CcImn 0 leading edge of ;ane :r

T temperature ceramic surface

U perimeter 1 boundary surface ewe e

~K ::n :on '-eat t-ransfer zceffi"-c'ent ceai '-=J zcnc.a-.. . .. ...... ceramic and o d c-

- 4 thickness of various layers in 2 boundary surface .t-we e n

turbine vane with ceramic coating bond coat and vane

- heat conduction coefficient 3 inner wall of vane

- radiation coefficient

:ncreasing the gas inlet temperature not only can improve the

properties of the aeroengine, but also can increase the thermal efficiency

of the yna-mic gas turbine. But the higher the inlet gas temperature of the

turbine is, the higher the cooling requirement of the turbine vane.

Too much cooling air and too complicated vane structure will largely

reduce the benefit due to the high inlet gas temperature. Therefore,

a new method for cooling the turbine vane is needed. The best way

is, obviously, to use a high temperature resistant and high pressure

resistant ceramic, which does not require cooling, as the material cf

the turbine vane. But unfortunately, this kind of high jual"y

ceramic material is not available now and further investigation is

still underway. On the other hand, however, anair cooled turbine vane

-* with ceramic coating is proposed. This design can increase the heat

resistance between gas and turbine vane such that a higher gas inlet

temperature can be tolerated. It was shown by experiments 1 that a ____

34
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telnerature ra.o. The rly .cb e - , 2 7 3 .. -e

tem eratu:re a: bond coat can no: exceed 13;7 K , This rq'.

can be achieved viLiti.n the -as inlet tetperature, choCsi ng an

appropriate zeramic coating thickness, and using necessary :ern

...c..ing intensity for the t"rbine vane In tnis paper, by-t=-c-" la-.

cacuiation, we will analyse and study the interelationsh-p betwee-

these three factors and find out the thermal performance cf this

turbine vane with ceramic coating.

I Relationship between the ceramic coating effectiveness and the

internal cooling intensity.

The heat of the combustion gas, after transmitting through the

- ceramic coating and turbine vane, can be carried away by the cooling

- air inside the vane cavity. If the internal cooling intensity is not

- high enough, increasing the thickness of the ceramic coating alone can not

0 .;arantee that the tenperature of bond coat will not exceed 1367 K. This

can be explained from the heat transfer process in a compound flat

wall which consists of ceramic, bond and metal. (see Fig.l). From

the thermal equilibrium equation of the heat transfer in this flat

-" -wall, the following equation can be derived.

- - (I+4)/(I+a .±A(11

If T, and T. are fixed, then the derivative of Eq.(1) with respect to

- S6 is

,- -, 5

d o e C( 2 )
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After :omparin; the values of each item, we find cut t hat the heat

transfer coe-:'cent oYC is the most important term in the denminat.r..

The analysis above about the compound flat wall is only good for

the flat section of a turbine vane. For the leading edge of the -:ane, the

U various layers have different curvature radii and then have different

heat transfer areas. If Fig.l is a compound cylinder, for instance,

then the radii of each layers are R:4nRs+8m, Ra-R, +.m4-,,

• and R-R+Sm+8+Sg, Therefore, Eq.(1) will become:

A , + N(R, + 8.+ 80+ 8, + 2.,(R + S. + 8,+ &/2) (3)

* aR,+ #.I) 14(R + a. + 8#12)
Take the derivative of Eq(3) with respect to S,, the formula of for

the leading edge of the vane can be obtained by comparing each term

,,ith the sx-ke order(lower order terms are neglected), which is

* -T (,+ 2o. + 2 8h +,8o) + + . +2+)
, 2R, 1. 2R3 + 8.

+ 8# s
ak 21?, + 28,. + D")

Comparing Eq.(4) with Eq.(2'), it can be seen that the ' value of the
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leadin eDe also decreases wth :ncreas . the : . -te zerjm!

U sca: n;, S= Therefore, the value of S s.. n -t e :ar

it can be seen from Eq.(4) that increasing the inner radius ..; F

the vane's leading edge can alleviate the decreasing of ,, where t-.

decreasing f is caused by the fact that each layer has a 4...fferent

curvature radius. If the curvature rvdius R3 of the vane's leadin.;

edge is equal to R2 , then Eq.(4) will become:

104(T,- TL.L(I(+ 28# + 80)+ 89+ 28, + 8)

2R, 1 2Rj (3)E +., + A,
It is obvious that the value calculated by Eq.(5) is higher than

that calculated by Eq.(4). But in order to let R R., the curvature

center of the leading edge's inner cavity should be moved backward.

In this way the wall thickness, , around the station point of the vane

will increase and then the heat resistance of the vane will also

1 •increase. If we take the first stage guided vane of SPEY MK202 engine

as an example, then the wall thickness around the station should be

increased from 0.76 mm to 1.9 mm. In order to compare these two

cases, the leading edge parameters of the SPEY first stage vane, i.e.

R 3 = 1.1 mm, R2 = 1.86 mm, and = 0.76 mm are substituted into

Eq.(4), and the following data, R3  R2 = 1.86 mm and Sm= 1.9 mm are

substituted into Eq.(5). The other data which are needed in these two

equations are: 6b= 0.1 mm, R, = 1.96 mm, Ro =(1.96+ $o ) mm, T, =

1360 K, Tc = 800 K, t1=1.1, and A,=24 kcal/m.hr.K. The results of

these two calculations are shown in Fig.2. The ceramic coating

effectiveness of the flat wall Is also shown in Fig.2 for comparison.
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th~.e 1 r~ :. edg ur~ c__3> rr
the....,,eai de is much less than that tr h e Iot sc: __.,

and Y vauie increases when R 3 = R2 is employed.

-. In Fig.3 we show the calculated maximum allowed gas emper -ure

as the function of oLat various , where Y,=10000 Kcal/m2 .hr-K

and R 3 = R2 . It is obvious that TJA, increases with increasing G

and .

TI. Enhanced cooling for the turbine vane with ceramic coating

As was described above, the enhanced internal cooling is very

important for the turbine vane with ceramic coating. In order to

enhance cooling for the turbine vane, the following methods can be

employed:

1. The inner cavity of the vane is divided, according to

different required cooling intensity, into front, middle, and rear

cooling passages. These sections have different shapes and passage

areas and are connected together in series. The cooling air after

passing through these three sections will come out from the chord at

* the tail section.

2. The inner wall of the cooling passage Is cast into a

rib-roughened surface with 450 tilt angle such that the heat transfer

. is more efficient. A lot of papers had shown that the roughened

surface can improve heat transfer. The semi-empiric formula of the

tube with repeated-rib roughness obtained by Webb et al.r4l has been

used intensively. But according to Refs. 5-7, where the heat transfer

and hydropower experiments with different passage shapes were

performed, the heat transfer of tilted-rib is better than that of
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a e a p I'e to .. e case wih t Ited-rib rughr e sS.

we .se the Webb's fcrmula as a substitution for our calculat io.

ratio f he heat -ransfer augmentation Nu calculated by t,

. and the value Ny$ calculated by Dittus-Boelter's turbulence heat

transfer formula for the smooth tube is shown in Fig.4.

3 Increasing the inner radius of the vane's leadi'n; i; .

casting a 'ented duct can enhance the cooling at the front statio:. The
heat transfer coefficient at the sharp corner area is about 20% less -ha.

that at flat section.--8 It is not a good idea to use roughened r;-,

. at the corner area because an obstruct section will be formed and this

will hurt the heat transfer enhancement. Increasing the inner radius

not only will Improve the heat transter at the corner area, the

Sincreased wall thickness (due to the increase of inner radius) also

makes the duct casting at the corner areaeasier. Besides, the rib

roughness at the break point of the corner area can disturb the gas flow

coming from the side. According to the experiment in Ref. 9, the

*rib roughness can enhance the heat transfer at the area without rib by

40%. If the effect of dented duct at the corner area is also

considered, then the total heat transfer coefficient at the corner

area can be doubled.

4. The duct with disturbing columns at the tail section of the

vane can enhance the convectional heat transter at a narrow slit. It

also can solidify the structure at the tail. Since the length and

diameter ratio L/d of the disturbing column is very small, the wall

effect can not be neglected. The conventional heat transfer formula

for the horizontal disturbing circular column can not be employed

40
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n.ero; :.cwev~er, the erm[iri_- .:rr.;.,u '3 .b:> .. .

stagerg e .isur :ng zlum,, expe rment :ar. be s e The ca I: -i e.

is:

Nu- [0.023 + 4.143Rc"exP{-3094(d
,' i) - 0.89(1/L) f}Re"f"

III. Temperatures at front station of the turbine vane with -eramic

.oating under different conditions

In this section, the temperature at the vane's front station vs

ceramic thickness is analyzed under different cooling conditions. The

calculation was done on the first stage guided vane of the SPEY M<202

engine, where maximum allowed gas temperature is 1850 K. The shape

and dime-nsion of the turbine vane with ceramic coating is shown in

Fig.5, and the other data are quoted from Ref. 11. Since the cooling

• .passages are in series, the air temperature of each section is

• gradually increasing but the pressure is gradually decreasing. The

,* leading edge of the vane is irradiated directly by the flame of

combustion. Its thermal radiation flux is
(7) _Z

x a- A.C[ ,(TulIoo)- (T/100)]
The energy emitted and reflected from the leading edge of the vane may

come back to the vane surface again, but it is negligible. This is

because the absorption coefficient Aj. of the combustion gas is very

..-": high. Since A,-s,(T/T.)', where 6j= 1-exp ,-2.9xl0"Lp(rl) T

S:t121 The value of A,' can be determined, by substituting the known

values into the above expression, to be 0.93. So, the radiation

energy, after passing through the combustion gas, will become very

small when it comes back to the vane surface.

In order to allow for unf(,reseen circumstances, the absorption

42
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SUbszitzt ; 1. 3 g U . Kcal, m:-. r - K, whi . is quoted fron f .R,

T = 1850 K into zhe convectional heat transfer fzrmula, then we -.1%

-, 8710(1850 - To)

the total thermal flux at the front station of the vane i

,- + qt - 8 710(1850 - T) + 2.48[13.2 1 0 - (T/o100)41

On the other hand, the temperature difference between the :erami:

surface and the cooling air, where R3  R., can be calculated by the

following equation: [79 T,+

+ i.. + Re-(R, + R,) +Rs.

The average cooling air temperature T. can be calculated from the heat

transfer formula for the front section of the vane (see next section),

where s/h=10, h/de is varied, oe is obtained from the Webb's formula

-4., and the weakened coefficient at the corner area is 0.8.

Substituting various values of C5and $o into Eqs. (10) and (11), To

then can be determined by iteration method. When To is known, T, also

can be determined. These results are shown in Fig.6. From the

calculation, we find out that, by using g,=O.i m, h/de=0.01, and

s/h=10, the temperature T, at the front station can be assured less

than 1367 K. Figure 6 also indicates that T, and To can be reduced

Sremarkably by using roughened surfaces. The variation of the roughness

. parameters, however, only has a small effect on the values of T, and

%. Therefore, for the purpose of real application, a passage with a

bigger size of roughness Is better than a passage with optimal

43
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... rou .ness parsmeters: n. fe=..I and s, : sr rn p -e,'.

.V. Temperature distributiz. in the turbine vane Lwi. zeram: -

-Using the roughness parameters mentioned obove, i e., =- . mm

and .= 0.1 mm, the temperat'res at the basin and the ba: . -; tne

.ifferent seztizns [front, middle and rear sections, 'f the vane, =S

well as the -aximum temperatures at the front station and at the tai" can

be det.ermined. The tail's maximum temperature is at the
beginning of the cooling duct which is on the back side of the "ane. This

's because the heat transfer coefficient is the highest at this

position. Let's first calculate the temperature increment, T., of the
°4'-.-

* air in the cooling passage. Since

dQ = X V (T-Tc )dF = Gc c dTr

ATc can be obtained by integrating this expression, which is

(12)
AT,- T.)( -

where m= (oF/Gc,),, T., Is the cooling air. temperature at the passage

inlet, and T, is the average wall temperature between the var.e basin and the

vane back of that section.

Since the gas temperature, gas pressure, passage cross section,

and the surface temperature of the vane are variable, the caculation

of thermal radiation flux is very difficult. Since the maximum gas

temperature is only 1850 K, & is estimated to be about 3% of the

value of Since the effect of radiation heat transfer must be

taken into consideration, o= 1.03 is used here Just for simplicity.

The temperature of the inner wall in the cooling passage can thus be

determined by the following equation:
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0~~~~~~ 0,~T 59 431~

k~~T -1840 112K6

a~t (4~S~K Io 73 0333690

Table (1Tihe2 temperature ceat coatin and temperoatur atth front

rearii 'cto 6he triempeaue. at: tailoetion 7 vanfback

inle 1pr 116021e

r 2412 26 2910
*~1 1 146 1468. . . .*



T.- , 1. /[.3 + 2.064% + 2 .06 ,

T, - 0 .- ,,'i.,Uo 4(U° + U) 1"(U. + U.)

2.068. 1.03]
+ (U, + U,) + ,

T ,, , and T can be calculated r:m

equa::On 3nd Eq. (12) by iteration method. The temperature at bon.o
.M , , can be calculated by

7-, [ i,+ 2.068 1[ 2.068 2.068

-.T, - tu, (U( + u,) JaUO L(U, + U) I,(U, + L")

+ 2.068. + .03

".(U 2 + U,) UJ

A 0.6 mm slit is made on the tail of the vane such that cooling can be

achieved by convection. According to calculation, smooth passage ;s

good enough for heat transfer here; the disturbing column to enhance

*.- heat transfer is thus not necessary. For the turbine vane with

ceramic coating, which has the maximum allowed gas temperature 1850 K

and cooling air flow rate ratio 2.9%, the calculated surface

temperature T. and bond temperature T, are listed in the table below.

The maximum restriction value for T, is at the beginning of the

cooling duct of the tail. This value is 60 K less than the maximum

allowed temperature of 1367 K.

IV. Conclusion

1. The ceramic coating can reduce the vane temperature

effectively. In order to prevent bond temperature higher than 1367 K,

the internal cooling of the vane must be enhanced. The ceramic

coating's effectiveness increases rapidly with the increas;e oftlieInternal

cooling intensity.

•' 2. The ceramic coating effectiveness is maximum at the flat

4
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da' e c~ereases. :t will diecrease even mc:re wa~~:is..

This Shortcoming :*an be al ev~a:e' yi;r ~ - * ---

miret er of the leading edge.

-A ~~3. The internal cooling can be enhiarcei by _is_:.g :c:,..

_race and c series o- nnectio:r. for all cooli;ng pa-r a

roughness parameter has little effect on the bornd t~prt:e

s b-etter toz use the roughness element with higher v.,alues de an,

s/n, which is easier to be ma~de technically, such that the axmr

all.owed gas temperature can be increased to more than 2000 K.

4. The calculation for the thermal performcance of the SPE7Y >T1202

t-urbine vane with ceramic coating and enhanced cooling shows that, by

employing appropriate cooling structure and 0.2 mm of ceramic coalig

the maximum allowed gas temperature of 1850 K can be reached by using

only 2.9% of cooling air. This implies that the average temperature

'front of the turbine is 1600 K.
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